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abstract
Female zebra ﬁnches display a preference for songs of males raised with tutors compared to those from
males without tutors. To determine how this behavioral preference may be mediated by auditory percep-
tion sites, the social behavior network, and the dopamine reward system, and whether responses of these
regionsareaffectedbyestradiol,femalesweretreatedwithhormoneorblankimplants.Anauditorychoice
test was conducted followed by exposure to tutored or untutored song or silence to examine induction of
the immediate early gene, ZENK. Birds spent signiﬁcantly more time near tutored than untutored song,
regardless of estrogen treatment, and estradiol signiﬁcantly decreased the density of ZENK immunore-
active neurons within the ventromedial hypothalamus. These results suggest that selective neural and
behavioral responses can be induced by both high quality vocalizations and estradiol, although they are
not necessarily correlated.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Song is an important signal for reproductive interactions
between zebra ﬁnches [95]; females use male songs to make mate
choicedecisions.Femalesarelesslikelytopairwithmalesthathave
been surgically altered to produce low quality song or have a lower
song output [90]. They also show preferences for particular song
types, often indicated by increased time spent near a vocalization
[39,60,62], and/or with copulatory solicitation displays [5,81].I n
the zebra ﬁnch, females prefer the songs of males that were raised
with a male tutor and produce a normal song, compared to those
from males reared without tutors [39], which are similar in pattern
anddurationtotutoredsongbutcontainfewernotesandmorevari-
ation in frequency, primarily due to reduced infusion of call notes
with stable frequencies into the song bout [73].
This preference may be the result of a selective response to
songs of higher quality in a number of neural systems. For exam-
ple, immediate early genes are induced within auditory perception
regionsincludingthecaudomedialnidopallium(NCM)andthecau-
domedial mesopallium (CMM) after exposure to song [52,53].I n
juveniles, increased immediate early gene expression is observed
in these regions following exposure to conspeciﬁc versus het-
erospeciﬁcsong[3,4]andtutoredversusuntutoredsong[91].Adult
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females also display an increased density of immediate early gene
immunoreactive nuclei with conspeciﬁc song versus heterospeciﬁc
song [2], but responses to varying qualities of zebra ﬁnch song
havenotbeenexaminedinadultfemales.Inothersongbirdspecies,
however, immediate early gene expression is induced in auditory
perception regions by high quality songs that elicit a behavioral
preference in females [24,44,50,86].
Brain regions outside the auditory perception system, espe-
cially those important for social behavior, are likely also affected
by male song. Newman [61] describes a network of interconnected
nuclei (including the medial amygdala, bed nucleus of the stria
terminalis, lateral septum, midbrain, ventromedial hypothalamus,
anteriorhypothalamus,andmedialpreopticarea)thatisresponsive
to social stimuli in a number of species (also reviewed by [26] and
discussed in [49]). Under the inﬂuence of gonadal steroids, these
areas mediate multiple social behaviors, including reproduction
and aggression [61]. The response of these regions to male song
stimuli has not been investigated in female zebra ﬁnches, but some
areas, including the ventromedial hypothalamus and nucleus tae-
niae (which shares homology with a portion of the mammalian
amygdala[12]),havebeenimplicatedinthecontrolofsocialbehav-
iors in ring doves [12,25] and starlings [12]. In addition, in other
avian species some regions within this network are responsive to
auditory stimuli [13,14], including song [49].
The mesolimbic dopamine reward system may also play a role
intheresponseoffemalezebraﬁnchestomalesong.Itisconserved
amongmammalsandbirds[21],andisactivatedfollowingexposure
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to rewarding stimuli. For example, in female rodents, dopamine is
released in this network following reproductive interactions with
males [54,68] and exposure to male odors [57]. In birds, when male
starlingsareproducingsexuallymotivatedsong,increasedimmedi-
ate early gene expression is observed within the ventral tegmental
area [30,79]. One study in female starlings, however, indicates that
the dopaminergic activity may have an inhibitory effect, which
is related to breeding condition [78]. Breeding females display
decreased phosphorylated tyrosine hydroxylase immunoreactiv-
ity in the ventromedial hypothalamus and lateral septum when
they are exposed to song compared to females exposed to no song.
In contrast, non-breeding females displayed the opposite pattern,
with an increased immunoreactivity in these areas in response to
song.
It seems likely that estradiol acts in some or all of these neural
systems to facilitate a reproductive response. All brain areas in the
socialbehaviornetworkexpressestrogenreceptorsinzebraﬁnches
[22,23,34]. They are also found in parts of the ventral tegmental
area [47] and in auditory perception regions [22,23,34]. In addi-
tion, high estradiol levels correlate with periods of reproductive
behaviorsuchasnestbuilding,egglaying,andincubationinfemale
birds [37,87]. In many song response studies, females are treated
with estradiol to facilitate reproductive behaviors [5,17,50,80,81],
but studies in canaries have indicated that this manipulation is
unnecessary for the induction of copulatory solicitation displays
in response to song [42,58]. Until now, the effect of estradiol on
neural responses to song has only been investigated in seasonal
breeding birds; it increases immediate early gene expression in the
auditory perception regions in white-crowned sparrows [48]. The
inﬂuence of estradiol in neural systems in an opportunistic breeder
such as the zebra ﬁnch is unknown. While hormones have not been
measured across the reproductive cycle in zebra ﬁnches, presum-
ably ﬂuctuations in estrogen are similar to those in other avian
species, which raises the question of how they alter the neural and
behavioral responses of these females.
In sum, solid data from a variety of sources provide intriguing
information on the neruroendocrine systems involved in percep-
tion of and responses to reproductively relevant auditory cues in
female songbirds. A complete picture is still lacking, however. In an
attempt to begin to synthesize and expand information about criti-
cal factors, we used a behavioral assay and immunohistochemistry
for the immediate early gene ZENK in the same birds to simultane-
ously investigate potential roles of the auditory perception, social
behavior and reward systems in the preference for tutored versus
untutoredsong,aswellashowtheneuralandbehavioralresponses
may be mediated by estradiol.
2. Materials and methods
2.1. Animals
Adult female zebra ﬁnches were taken from the breeding colony at Michigan
State University. The birds were kept on a 12:12 light:dark cycle and provided seed
and water ad libitum, with hard-boiled eggs mixed with bread and either spinach or
orangegivenonceaweek.Femalesusedinthestudywereraisedinmixedsexbreed-
ing aviaries for at least 100 days, to ensure that they had reached sexual maturity
and were exposed to normal song during development. After this period, they were
removed and housed in a single-sex aviary, which allowed auditory, but not visual
or tactile contact with males, for at least 2 weeks prior to testing. All procedures
were approved by the Michigan State University Animal Use and Care Committee
and adhered to the guidelines of the National Institutes of Health.
2.2. Hormone treatment
Estradiol implants were produced by packing 2mm of 17-estradiol into 5mm
of Silastic tubing (i.d. 0.76, o.d. 1.65mm) and sealing each end with silicone. Blank
capsules were left unpacked. Females were anesthetized with isoﬂurane and either
anestradiolorablankcapsulewasinsertedsubcutaneouslyabovethebreastmuscle.
The incision was sealed with collodion adhesive, and the female was placed in an
individual cage for 5 days to recover.
2.3. Song stimuli
Recordings of tutored (males raised with other males present) and untutored
(males isolated from adult males from post-hatch day 18 after hatching) zebra ﬁnch
songs were received from Dr. Adkins-Regan at Cornell University [39]. Two types
of sound ﬁles were produced. In one, both types of songs were used to produce
10 different 20-min sound clips for behavioral testing. Each clip was generated by
combining one song of each type from the pool of six untutored and tutored males
into a stereo ﬁle. Although there were large differences between the tutored and
untutored songs, pairs were made of one tutored and one untutored song with sim-
ilar phrase lengths and relatively high similarity scores (which indicate note type,
spectral characteristics, duration, order, and time between notes [88]), determined
by comparing phrases from each males song with the freeware Sound Analysis Pro
(http://ofer.sci.ccny.cuny.edu/htm/body sound analysis.html). Each song was nor-
malized for amplitude in Adobe Audition (Adobe Systems, Inc., San Jose, CA), and
following the introductory notes, it was repeated for a total of 20min. A ﬁle was
then synthesized to simultaneously play a tutored song from one side of the testing
chamber (see below) and an untutored one from the other side, counterbalanced
across tests.
The other type of sound ﬁle was used for exposure prior to immediate early
geneanalysis.Inthiscase,twelve30-minsoundclips(sixtutoredandsixuntutored)
were created in Adobe Audition. For each ﬁle, 30-s song clips from three different
randomly chosen males within the same group (tutored or untutored) were played
sequentially with 30s of silence separating them. This compilation was repeated for
a total of 30min.
2.4. Choice test
Fivedaysafterimplantsurgery,femalesweretakentoaroomcontainingawood
and plexiglass chamber of (215cm L×60cm W×60cm H; [1] modeled after [56]).
It consisted of three zones: the center (with one perch), and the left and right (with
three perches each). The bird was placed into the cage through a center door and
allowed to freely move between the zones. After 70min for acclimation, a ran-
domly chosen song ﬁle was broadcast from speakers, one located at each end of
the chamber, for 20min at approximately 60dB. Behaviors were videotaped and the
time spent in each zone was quantiﬁed. In addition, two other behavioral measures
(jumpsbetweenperchesandcalls)weretaken.Toensurethatthefemalesadequately
received the song stimulus, animals that were completely unresponsive during the
songpresentation(i.e.,didnotmoveorcall)werenotused(20individualsacrossthe
groups were removed; leaving sample sizes of 20 estradiol-treated and 20 control
birds).
Following song presentation, each female was captured and blood was col-
lected by wing vein puncture, centrifuged at 10,000rpm for 10min at 4 ◦C and
plasma stored at −80 ◦C until radioimmunoassay to quantify estradiol concentra-
tion. Females were returned to their individual cages and taken back to the colony
room.
Behavioral data were compared using a mixed-model ANOVA (treatment
between animals and time spent within each zone within animals). The proportion
of perch jumps and ﬂights in the tutored zone were separately analyzed between
treatment groups using Mann–Whitney U-tests, because some individuals did not
display these behaviors and the data were not normally distributed. Statview (SAS
Institute; Carey, NC) was used for all statistical analyses.
2.5. Immediate early gene analysis
Two days after the choice test, the 40 females were individually taken to a novel
roomforstimulusexposuretoexamineZENKinduction(asin[2–4]).Theyremained
in their individual cages during the test, which were placed within a sound-isolated
box. After a 30-min acclimation period (as in [2]), a randomly chosen 30-min ﬁle
of tutored or untutored song or silence was broadcast from a speaker three inches
from the cage at 60dB. Each group contained six to eight individuals. In a few cases,
a brain region could not be quantiﬁed due to histological artifact; ﬁnal sample sizes
are indicated in the ﬁgures and table. To reduce habituation [15], no female was
exposed to song from the same male in the choice test and stimulus exposure for
ZENK induction.
The song exposure was videotaped, and calls and receptive behaviors were
later quantiﬁed. Following song presentation, the female remained in silence for 1h
before being overdosed with 0.12cc of equithesin and perfusion with 0.1M phos-
phate buffered saline (PBS) and 4% paraformaldehyde. Brains were dissected from
the skull and postﬁxed for 15min in 4% paraformaldehyde. They were embedded in
gelatin, ﬁxed for another hour in 4% paraformaldehyde and placed in 30% sucrose
in 0.1M PBS at −20 ◦C until sectioning. The embedded tissue was sectioned frozen
into four series at 30m in the sagittal plane and stored in cryoprotectant at −20 ◦C
until immunohistochemical processing.
ImmunohistochemistrywasperformedinamethodadaptedfromBaileyetal.[2]
and Bailey and Wade [3,4]. Cryoprotected tissue was rinsed 6× 5min in PBS, reacted
for 15min in 0.5% hydrogen peroxide (H202) in PBS and blocked for 1h in 5% normal
donkey serum (Jackson ImmunoResearch Laboratories, West Grove, PA) in PBS with
0.3% Triton-X-100 (PBST). The tissue was then incubated in primary antibody (Santa
Cruz Biotech; catalog #sc-189, 0.1g/ml) in PBST for 2 days at 4 ◦C. It was rinsed 3×300 L.A. Svec, J. Wade / Behavioural Brain Research 199 (2009) 298–306
5min in PBS and incubated for 1h in Biotin-SP conjugated donkey anti-rabbit sec-
ondary antibody (Jackson ImmunoResearch Laboratories; 1:500 dilution) in PBST.
A f t e ra3 × 5min PBS rinse, tissue was exposed to an ABC reagent (Elite kit, Vector
Laboratories, Burlingame, CA) for 1h. It was then rinsed 3× 5min in PBS and incu-
bated in diaminobenzadine (Sigma, St. Louis, MO; 0.5mg/ml) plus 0.0075% H202 for
7min. After PBS rinses, sections were mounted, dehydrated, cleared in xylene and
coverslipped with DPX.
ZENK immunoreactivity in the auditory regions (NCM and CMM), social behav-
ior areas (preoptic area [POA], ventromedial hypothalamus [VMH], bed nucleus of
the stria terminalis [BST], nucleus taeniae [TnA], ventrolateral subdivision of the
caudal lateral septum [LSc. vl], and midbrain central gray [CGt]), and reward sys-
tem (nucleus accumbens [Ac] and the ventral tegmental area [VTA]) was assessed
using an Olympus BX60 microscope (Figs. 1 and 2). The placement and size of
the sampling regions, which is detailed in the ﬁgure captions, was determined
after an initial scan of the tissue to locate the extent of labeling. Immunoreactive
cells were hand-counted by an observer blind to treatment and auditory stimulus
within the sampling regions. The NCM and CMM were analyzed within the same
medial sections, which were identiﬁed by the connection of the nidopallium to
the rest of the telencephalon and the presence of the septopallio-mesencephalic
tract (TSM). For the nucleus accumbens and ventral tegmental area, alternate
Fig.1. Placementofsamplingregionswithinauditoryperceptionandsocialbehaviorareasinsagittalsections.PanelAcontainsboxesforthecaudomedialnidopallium(NCM;
310 m×320m) and caudomedial mesopallium (CMM; 190m×345m), panel B for the bed nucleus of the stria terminalis (BST; 190m×345m) and ventrolateral
subdivision of the caudal lateral septum (LSc. vl; 200m×200m), panel C for the nucleus taeniae (TnA; 200m×320m), panel D for the ventromedial hypothalamus
(VMH; 190m×290m) and preoptic area (POA; 200m×200m), and panel E demonstrates the midbrain central gray (GCt; 190m×290m). The hippocampus
(HP), tractus occipito-mesencephalicus (OM), tractus septopallio-mesencephalicus (TSM), optic chiasm (OC), posterior commisure (CP), and cerebellum (Cb) were used as
landmarks for location of sections and placement of boxes. The more rostral portion of each photo is towards the right edge. Scale bar (in panel D)=500m.L.A. Svec, J. Wade / Behavioural Brain Research 199 (2009) 298–306 301
Fig. 2. Placement of sampling regions within the reward system. Panels A and C contain sections subjected to tyrosine hydroxylase immunohistochemistry sliced in the
sagittal plane. Panels B and D contain ZENK labeling. Panel B displays the location of the box for the nucleus accumbens (Ac; 190m×305m), and panel D displays the
ventral tegmental area (VTA; 210m×368m). The more rostral portion of each photo is towards the right edge. Scale bar=300m.
sections in some animals were subjected to tyrosine hydroxylase immunohisto-
chemistry to determine the correct placement of the sampling region (Fig. 2).
The methods were the same as those described for ZENK immunohistochem-
istry, but using tyrosine hydroxylase primary antibody (Immunostar; catalog #
22941, 1:10,000 dilution) and donkey anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA). As the precise border of the Ac
is not completely distinguished, the box was placed in the ventromedial portion
of the medial striatum in the most medial sections, as discussed in Reiner et al.
[74].
The density of ZENK immunoreactive nuclei was determined by dividing the
average number of immunoreactive cells for each animal (at least three sections
per animal were analyzed for each brain region) by the area of the sampling box.
Effects of treatment and song exposure type on ZENK density were analyzed using
a two-way ANOVA followed by post hoc Tukey–Kramer tests where appropri-
ate.
2.6. Radioimmunoassay
A single radioimmunoassay was conducted in a manner adapted from Lovern
and Wade [45]. Parallelism was ﬁrst demonstrated with recently collected zebra
ﬁnch plasma (data not shown). For the full assay, a mean of 31.4l of plasma
from each animal was incubated with radioactive tracer [3H] estradiol (70Ci/mmol;
PerkinElmer, Boston, MA) at 4 ◦C overnight. Steroids were then extracted twice
with diethyl ether, and samples were dried under nitrogen. They were resus-
pended in PBS and stored overnight at 4 ◦C. A competitive binding assay was
completed in duplicate samples and a serially diluted standard curve (0.98–250pg
estradiol) in triplicate, by adding an estradiol antibody (NEG307H; Biogenesis,
Kingston, NH) with [3H] estradiol and incubating overnight at 4 ◦C. Water blanks
were added as controls (n=4) and six aliquots of a known concentration of estra-
diol were used to determine intra-assay precision. The next day, dextran-coated
charcoal was added and centrifuged at 2200rpm for 10min at 4 ◦C in order to
remove unbound tracer. The remaining sample was combined with scintillation
ﬂuid (UltimaGold; Perkin and Elmer, Boston, MA) and analyzed with a scintil-
lation counter (Beckman 6500, Fullerton, CA). Estradiol levels were calculated
by standardizing samples for individual recovery and the volume assayed and
compared to the standard curve. The intra-assay coefﬁcient of variance was 6%.
A Mann–Whitney U-test was used to compare the estradiol and blank treated
groups.
3. Results
3.1. Behavior
Females spent signiﬁcantly more time in the zone near the
tutored song than that neighboring the untutored song or in the
center (F=19.238, p<0.01; Tukey–Kramer, both p<0.05). However,
estrogen did not affect this behavior (F=0.561, p=0.56), perch
jumps (Mann–Whitney U, p=0.371) or calls (Mann–Whitney U,
p=0. 1 1 2;Fig. 3).
During the ZENK induction, only one female displayed a tail
quiver (associated with receptivity [89]), so these data were not
analyzed statistically. No signiﬁcant main effects of hormone, song
Fig.3. Totaltimespentwithinthetutored,centeranduntutoredzonesinthebehav-
ioraltest.Samplesizesareindicatedonthegraph.*Tutoredsigniﬁcantlygreaterthan
untutored and center zones.302 L.A. Svec, J. Wade / Behavioural Brain Research 199 (2009) 298–306
Fig. 4. ZENK-IR nuclei in the ventromedial hypothalamus of female zebra ﬁnches.
Panel A displays the quantiﬁcation of densities of ZENK-IR for each treatment group
and song exposure type. Sample sizes are indicated on the graph. A main effect of
treatmentwasdetected(*);estradioldecreasedtheexpressionofZENK.PanelsBand
C depict ZENK in the ventromedial hypothalamus of birds exposed to tutored song.
PanelB=blanktreatedfemale,PanelC=estrogentreatedfemale.Scalebar=100m.
typeorinteractionbetweenthemweredetectedincalling(datanot
shown).
3.2. ZENK expression
The clearest effect of estradiol was detected in the VMH. A main
effect of treatment was observed, such that estradiol reduced the
density of ZENK immunoreactive (IR) nuclei (F=8.44, p=0.007;
Fig. 4). No signiﬁcant main effects of hormone or song type or inter-
actionsbetweenthemwereobservedinanyoftheothersevenbrain
regions with this type of analysis (Table 1). However, the pattern
observed in the auditory regions was striking. While the effect of
stimulus exposure was not statistically signiﬁcant (NCM: F=1.72,
p=0.194; CMM: F=0.98, p=0.385), the mean density of ZENK-IR
nuclei in the NCM and CMM of the blank-treated birds that heard
tutored song was three times greater than those exposed to untu-
tored song or silence (Fig. 5). In fact, this increase was observed
only in the one group, and a trend for estradiol treatment to reduce
it existed in the CMM (F=3.61, p=0.066). A similar, albeit weaker,
pattern was observed in the NCM (F=1.46, p=0.236).
3.3. Plasma estradiol
Estrogen treatment reliably increased circulating estradiol lev-
els (Mann–Whitney U=73, p=0.002). Estradiol-treated birds had
a mean of 5.7ng/ml±1.3 S.E., while the value for control birds
was 2.2ng/ml±0.46 S.E. However, a number of the samples from
blank-treated females fell below the range of the sensitivity of
the assay, so to be conservative, the minimum detectable value
(15.63pg/sample; equivalent to an average of 1.84ng/ml, depend-
ing on sample volume and recovery) was assigned.
4. Discussion
4.1. Behavioral response
Femalezebraﬁnchesspentmoretimenearthetutoredsongthan
untutored song or silence. Lauay et al. [39] also detected a similar
propensity for increased time spent near tutored over untutored
song in female zebra ﬁnches, although they did not examine the
effects of estrogen or the neural response to these two types of
song.
The tendency to spend increased time nearer this type of stim-
ulus may be related to reproduction. Females prefer songs with
characteristics reﬂecting increased male energy input (i.e., long
songs,increasedsongrate,anddifﬁcultsyllables[5,60,62]).Inaddi-
tion, some of these characteristics correlate with high paternal
effort (nestling feeding[9,18]) and offspring survival [29]. Low song
quality may also indicate developmental stress, and as a result,
lower the ﬁtness of a potential mate [63]. It therefore seems rea-
sonable to hypothesize that females spend more time near tutored
songbecauseitindicatesahigherqualitymatethanuntutoredsong.
It is possible, however, that the females simply ﬁnd the untutored
song aversive.
The widespread nature of song preference behavior might sug-
gest that its function is broader than reproduction and mate choice.
For example, male birds from a variety of species prefer song from
conspeciﬁcs [8,10] and their own fathers [16,75,76]. In addition,
juvenile zebra ﬁnches prefer song from their tutor [31,32] prior to
the period when they become reproductively active. The lack of an
effectofestradiolonthebehavioralresponseisalsoconsistentwith
theideathatthetendencytospendtimewithaspeciﬁcsongtypeis
dissociated from mate choice and reproduction in the female zebra
ﬁnch. Alternatively, it is possible that the hormone is required to
display this behavioral preference, and the concentration of circu-
lating estradiol in control females was above the threshold (similar
to untreated canaries [42,58]).
Table 1
Mean densities of ZENK-IR in various brain regions presented as number of IR nuclei/mm2 (mean±standard error). Due to histological artifact, only seven animals were
analyzed in the Ac in the blank, untutored group. No main effects or interactions were detected, all F<3.02, p>0.06.
Blank-treated Estradiol-treated
Tutored (n=6) Untutored (n=7 or 8) Silence (n=6) Tutored (n=6) Untutored (n=6) Silence (n=6)
POA 414.5 ± 117 500.2 ± 126 591.0 ± 99 467.0 ± 168 279.7 ± 81 389.7 ± 89
BST 1056.0 ± 255 945.3 ± 226 1106.5 ± 254 494.8 ± 187 935.6 ± 338 694.4 ± 352
TnA 125.0 ± 73 67.3 ± 26 30.5 ± 11 52.8 ± 23 91.9 ± 46 216.4 ± 215
LSc. vl 591.0 ± 191 376.6 ± 146 434.2 ± 164 120.8 ± 58 323.6 ± 207 256.9 ± 254
GCt 61.3 ± 32 54.8 ± 26 132.5 ± 54 23.4 ± 11 83.7 ± 45 39.1 ± 19
Ac 552.8 ± 252 837.2 ± 252 1286.7 ± 224 888.4 ± 280 1049.6 ± 223 558.8 ± 135
VTA 61.8 ± 20 52.2 ± 17 74.2 ± 30 54.0 ± 40 67.3 ± 25 13.3 ± 7
Abbreviations: preoptic area (POA), bed nucleus of the stria terminalis (BST), nucleus taeniae (TnA), ventrolateral subdivision of the caudal lateral septum (LSc. vl), midbrain
central gray (GCt), nucleus accumbens (Ac), ventral tegmental area (VTA).L.A. Svec, J. Wade / Behavioural Brain Research 199 (2009) 298–306 303
Fig. 5. Densities of ZENK expression within the caudomedial nidopallium (NCM) and caudomedial mesopallium (CMM) in female zebra ﬁnches. Sample sizes are indicated
on the graphs.
4.2. Neural response
4.2.1. Auditory regions
Statistically signiﬁcant differences in ZENK expression due to
auditory stimulus were not detected in the NCM or CMM. How-
ever, in control but not estradiol-treated animals, the average
density of these cells was approximately three times greater in
birds exposed to tutored song than the other two stimuli. The
effect of estradiol on ZENK expression in these areas also did
not reach statistical signiﬁcance, and no interaction was detected
between the hormone and auditory stimulus type. One there-
fore needs to be very careful in suggesting conclusions about
potential effects of the hormone. However, a number of factors
suggest that potential biological relevance might be considered.
For example, speciﬁc large mean differences in ZENK expression
were seen in just the auditory areas of control birds exposed to
high quality song compared to both low-quality song and silence
(see Fig. 5). This pattern parallels previous work in zebra ﬁnches
in which immediate early gene expression in auditory regions
was increased following exposure to stimuli of greater relevance
[2–4,53,91]. If a mixed-model 3-way ANOVA is used to consider
patterns across brain regions, a song×treatment×region interac-
tion is detected. This interaction partly stems from the fact that
NCM and CMM are the only regions to show this dramatic differ-
ence between tutored and untutored song and silence and that
this effect is only observed in blank treated individuals. Thus, it
is likely that estrogen inhibits this selective ZENK response in
these regions. However, the lack of a signiﬁcant main effect of
song type in the auditory regions in the present study may be the
result of the reduced requirement to detect variations in song in
adulthood in this species. The other species in which this phe-
nomenon has been investigated are primarily seasonal breeders, in
which the females also sing [7,65,92] and/or male song is variable
in adulthood [43,77,85]. Zebra ﬁnches, in contrast, are aseasonal,
the females do not sing, and male zebra song is stable in adult-
hood [89]. A difference in ZENK response to tutored and untutored
song was observed in juvenile female zebra ﬁnches [85]. However,
this plasticity may be lost once females have formed a tem-
plate and learned the basic characteristics of species-appropriate
song.
From a more technical perspective, we cannot completely elim-
inate the possibility that the modest differences in exposure
protocols during the behavior test (in which they were exposed
to both song types simultaneously in a large choice cage) and
ZENK induction (in which they were only exposed to one auditory
stimulus in a sound isolated box) affected the animals somewhat
differently, such that they showed a behavioral preference for
tutored song, but not increased ZENK expression. However, in the
ZENK induction test they remained within their home cage, which
ﬁtinsidethesound-isolatedboxwiththeinterestofreducingstress
from a novel environment.
Regardless of the results in blank treated animals, it is clear
that when our females were treated with estradiol, the response
to all auditory stimuli was nearly identical. This result differs from
the ﬁndings of Maney et al. [48,49], in which estrogen treatment
resulted in a greater immediate early gene response to conspe-
ciﬁc song compared to tones. In the present study, however, we
examined the difference in ZENK expression to variations in qual-
ity of song, whereas Maney et al. [48,49] compared normal song
to a tone stimulus. It is unknown how estradiol may mediate neu-
ral responses in auditory perception sites, but it is plausible that
it acts on different signaling mechanisms. That is, separate path-
ways might (1) provide information that an auditory signal is an
approximation of song, and (2) assess particular features (i.e., rel-
ative quality) of the song. If so, it is also possible that estradiol
facilitates a neural response in one case and inhibits it in the other.
Some estrogen receptors are located along the caudal edge of the
NCM, as well as within the CMM [22,23,34], so regulation may
occurdirectlyatthesesitesorthroughconnectionswithotherbrain
regions. LeBlanc et al. [41] observed an increase in density of tyro-
sine hydroxylase immunoreactivity in the NCM following estrogen
treatment, and predicted that estradiol plays a neuromodulatory
role on responses within the auditory perception regions. It will be
important to further investigate all of these ideas in future experi-
ments.
4.2.2. Social behavior network
Although estradiol did not alter behavior in the present study, it
did affect the neural response speciﬁcally in the VMH. This region
contains a high concentration of estrogen receptors in a wide range
of vertebrates, including rodents [e.g., 20,36,40,66,82,83,94] and
birds [6,28,55], including zebra ﬁnches [22,23,34]. In addition, the
VMH plays a crucial role in the control of reproduction in female
rodents [67] and also appears to be important in birds [25].H o w -
ever, rather than an increase in immediate early gene expression
as has been observed in rodents following exposure to repro-
ductive stimuli [69],w ed e t e c t e dless ZENK-IR in the VMH with
hormone administration. Treatment with estradiol alone can result
in increases in immediate early gene expression [11,33], but simi-
lar to the present data, decreases have also been documented. For
example, Tetel et al. [89] and Pfaus et al. [70] observed decreases in
the induction of FOS-IR following small amounts of vaginocervical
stimulation in the VMH when female rats were treated with estra-
diol. In addition, a decrease in immediate early gene expression
in the preoptic area and amygdala occurs following testosterone
administration in male anole lizards [59].
At least two potential explanations for this estradiol-induced
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these genes are often used to indicate regions that are “activated”
by a certain stimulus, expression may also indicate stimulation of
inhibitory neurons such as those expressing GABA. In male gerbils,
a large proportion of cells expressing immediate early genes fol-
lowing mating are GABAergic [84]. Estradiol treatment can result
in a decrease in bound GABAA receptor [64] and responsiveness
of GABAB receptors [38] possibly resulting in disinhibition. Con-
versely, estrogen can cause an increase in GABA levels in the VMH
of female rats [46]. It is possible that estradiol reduces the activ-
ity of GABA neurons in the VMH in the present study, which is
indicated by a decrease in ZENK expression. In zebra ﬁnches, song
exposureresultsinGABAneuronsexpressingZENKwithintheaudi-
tory perception regions [71,72]. As GABA neurons are present in
female birds [19,27], and can be regulated by social stimuli, as in
rodents, it is possible that they may also be affected by estradiol
in zebra ﬁnches. Second, it is possible that the decrease in ZENK
expressionobservedinthisstudymaybepartiallyduetoadecrease
in activation of dopaminergic neurons in the VMH as described in
Riters et al. [78]. In that study, decreased levels of phosphorylated
tyrosine hydroxylase were observed following exposure to song in
onlybreedingseasonfemalestarlings.Theauthorshypothesizethat
these neurons may serve an inhibitory function within the VMH
during reproductive behavior [78].
Maney et al. [49] conducted a study similar to ours in white-
crowned sparrows; the response to song and how it is modulated
by estradiol was examined in the social behavior network. In that
study, increased ZENK responses were observed within the TnA,
VMH, BST, and LSc. vl, and estrogen enhanced this response in all
the examined social behavior network regions, except the medial
VMH and the anterior medial hypothalamus. We did not observe
changes in the responses of these regions to song stimuli, and we
didnotobservemodulationoftheresponsetosongintheseregions
byestrogen.Therearemultiplepotentialexplanationsforthesedis-
crepancies. For example, housing conditions differed. Our animals
were maintained in a colony room with hundreds of zebra ﬁnches,
whereas the white-crowned females were housed with several
other females in sound-isolated booths for the extent of the study
in Maney et al. [49]. Perhaps more important, however, are biologi-
caldifferencesbetweenzebraﬁnchesandwhite-crownedsparrows
that may lead to differences in their responses within this network
to song. Female zebra ﬁnches do not sing and adult males produce
a simple and stable song in adulthood [93]. White-crowned spar-
rows, in contrast, have several song dialects [51] and females can
also produce song [35]. It is possible that if female white-crowned
sparrows produce song when hearing the song stimulus, it could
affect the response of regions in the social behavior network. Some
of these regions are activated in males when they sing [i.e. 30]. In
addition, differences in neural responses may reﬂect song com-
plexity. For example, because male zebra ﬁnch song is so simple
and stable, and females do not sing, female zebra ﬁnches may not
need to utilize these regions to interpret the meaning of the song
stimulus,whereasbirdssuchaswhite-crownedsparrowsthathave
morevariablesongthatcanbeusedinmorecontextsmightrequire
additional regions for processing. Similarly, female zebra ﬁnches
may require additional stimulation to activate these regions. Song
might be interpreted by only the auditory perception regions, and
other areas of the brain may only be activated when other stim-
uli are present, such as courtship displays (visual input) or physical
bonding (tactile input). Differing effects of estrogen between the
species might relate to varying levels of reliance on the hormone
for reproduction in seasonal (white-crowned sparrows) and oppor-
tunistic(zebraﬁnches)breeders.Determiningwhich,ifany,ofthese
possibilities led to the differences in ZENK response between the
present study and that of Maney et al. [49] on white-crowned spar-
rows could lead to insights on the speciﬁc roles of these brain
regions.
4.3. Dissociation between behavior and immediate early gene
expression
Dissociations between behavior and ZENK expression were
observed on two levels. First, although the females displayed a
strong propensity to spend time near the tutored song, no differ-
ences in ZENK expression between auditory stimuli were observed
in the social behavior network or reward system, and more work
must be done on the auditory perception regions before solid con-
clusions can be drawn. Second, the reduction of ZENK expression
by estrogen in the VMH with the lack of an effect of the hormone
on behavior in the choice test suggests that an increased ZENK
response within the VMH is not necessary for the display of dif-
ferential behavioral responses to high quality song.
These data suggest a number of possibilities. For example,
another immediate early gene may be involved in the regulation of
the behavior. Consistent with that idea, some differences between
the activities of FOS and ZENK have been detected in juvenile
zebra ﬁnches [3], although similar patterns of induction of the two
immediateearlygeneshavealsobeenobservedfollowingsongpre-
sentation to adult female songbirds [86,93]. Additionally, several
other immediate early genes (such as c-jun) exist that may also
be important to the changes that occur during the display of this
behavior. It is also possible that some other neural system (in addi-
tion to the three networks examined here) is vital to mediation of
this behavior.
4.4. Conclusion and future directions
In summary, estrogen treatment does not affect the tendency
to spend time near high quality, tutored song as measured in the
present study, but it does suppress ZENK induction in the VMH.
The present data suggest that the maintenance of this behavior
does not require higher concentrations of estradiol and may not
be associated with the ZENK expression detected within the exam-
ined brain regions. In addition, the fact that estrogen’s inhibition
of the neural response is relatively speciﬁc, and does not occur in
most of the brain regions investigated, suggests that it serves some
function, although the nature of it is not clear at this point. Deter-
mining the phenotype of the affected cells will help to elucidate
their function(s).
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